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Producing Cells Retain and Recycle Wingless
in Drosophila Embryos
the parasegment boundary is a clonal boundary, it pre-
vents the anteriorward spread of engrailed-expressing
cells, and any action of GFP-Wingless toward the ante-
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National Institute for Medical Research rior in this assay must follow from the spread of the
signal itself (Figures 1E and 1F) (all evidence suggestsMill Hill
London NW7 1AA that there is no relay via a secondary signal [2]). In em-
bryos whose sole source of Wingless is GFP-WinglessUnited Kingdom
expressed in the engrailed domain, large expanses of
naked cuticle (an indication of Wingless signaling) form,
and a near normal cuticle pattern develops (Figure 1B),Summary
implying normal spread of GFP-Wingless. Because the
cuticle pattern is a rather late readout of Wingless signal-There is considerable interest in the mechanisms that
drive and control the spread of morphogens in devel- ing, we also used a more immediate assay, the embry-
onic expression of serrate, a gene that is repressed byoping animals. Although much attention is given to
events occurring after release from expressing cells, Wingless signaling. The posterior edge of each serrate
stripe marks the anterior limit of the range of Winglessrelease itself could be an important modulator of
range. Indeed, a dedicated protein, Dispatched, is at stages 11 and 12 [2]. As shown in Figure 1D, GFP-
Wingless driven with engrailed-GAL4 represses serrateneeded to release Hedgehog from the surface of ex-
pressing cells. We find that, in Drosophila embryos, across several cell diameters at the anterior of the en-
grailed-GAL4-expressing cells. On the basis of themuch Wingless (as well as a GFP-Wingless fusion pro-
tein) remains tightly associated with secreting cells. above functional assay, we conclude that GFP-Wingless
spreads along the embryonic epidermis like the wild-Retention occurs both within the secretory pathway
and at the cell surface and requires functional heparan type protein.
sulfate proteoglycans. As a further means of retention,
secreting cells readily endocytose Wingless protein
Retention of Wingless by Expressing Cellsthat does reach the cell surface. Such endocytosed
With the aim of directly tracking the spread of WinglessWingless can in turn be sent back to the cell surface
independently of cell inheritance, we expressed GFP-(the first direct observation of ligand recycling in live
Wingless in the engrailed domain and imaged live em-embryos). Recycling may serve to sustain high-level
bryos (Figure 2A). As expected, expressing cells are verysignaling in this region of the epidermis.
bright. However, little or no fluorescence is detectable
outside the expression domain. Likewise, in wing imagi-Results and Discussion
nal disks, GFP-Wingless is retained by expressing cells,
but, in this case, more GFP fluorescence is detectedGFP-Wingless Is Active
outside the expression domain (Figures 2B and 2B).In order to explore Wingless trafficking, we made trans-
This could be because expressing imaginal disk cellsgenic Drosophila embryos that express biologically ac-
retain Wingless to a lesser extent or because Winglesstive GFP-Wingless. GFP was inserted at the amino termi-
is not degraded as rapidly outside the expression do-nus of Wingless, just downstream of the signal peptide.
main. In any case, retention is specific to Wingless sinceTo first assess the activity of GFP-Wingless, we asked
a form of GFP engineered to be secreted (GFPsecr; GFPwhether it could replace endogenous Wingless during
with the signal peptide of Wingless [1]) fills the perivitel-embryonic development. We expressed UAS-GFP-
line space even when it is expressed locally, either withwingless in a wingless null mutant with wingless-GAL4.
engrailed-GAL4 or wingless-GAL4 (Figure 2A). Thus,In most embryos, the mutant phenotype is rescued to
GFP itself diffuses readily in the extracellular space,a wild-type pattern (Figure 1A), showing that GFP-Wing-
while Wingless appears to be specifically retained byless is active. However, this does not necessarily mean
expressing cells.that GFP-Wingless spreads normally along the epithe-
We have previously shown that Wingless transits forlium, because, as shown previously [1], the signal can
an extended time in the secretory pathway, and thisbe delivered by the progeny of expressing cells. Indeed,
probably contributes to retention by expressing cells. Asa membrane-tethered form of Wingless also rescues a
we show now, retention also occurs at the cell surface. Inwingless null mutant in this assay [1]. To eliminate the
the embryo, Wingless protein is most prominently foundcontribution of cell spreading, UAS-GFP-wingless was
in intracellular vesicles located on the apical side [3].expressed at the posterior side of the parasegment
GFP-Wingless, too, is mostly found in apical vesicles,boundary (with engrailed-GAL4) in a wingless mutant
which are often seen to disappear at the apical surface(wingless; engrailed-GAL4 UAS-GFP-wingless). Since
as if fusing there (data not shown). Thus, it seems likely
that most Wingless is secreted apically (at the outer-1Correspondence: jvincen@nimr.mrc.ac.uk
facing surface of the embryo). Therefore, we could adapt2 Present address: Merlin Biosciences Limited, 12 St. James’s
to the embryo a procedure designed to detect extracel-Square, London SW1Y 4RB, United Kingdom.
3 These authors contributed equally to this work. lular Wingless in imaginal discs [4]. Live wingless em-
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Figure 1. GFP-Wingless Rescues wingless
Mutants
(A) The cuticle pattern of a winglessCX4 larva
carrying wingless-GAL4 and UAS-GFP-wing-
less; the denticle pattern is rescued to a near
wild-type phenotype.
(B) The cuticle pattern of a winglessCX4 larva
carrying engrailed-GAL4 and UAS-GFP-
wingless; the denticle pattern is indistinguish-
able from that of a wingless larva carrying
engrailed-GAL4 and UAS-wingless. The na-
ked cuticle at the anterior of the engrailed
expression domain implies that GFP-Wing-
less is secreted and spreads across the
segment.
(C) Expression of serrate (in black) and wing-
less (in red) in a wild-type embryo at stage
12. Wingless represses serrate over 2–3 cell
diameters.
(D) Expression of serrate and wingless in a
winglessCX4 embryo carrying engrailed-GAL4
and UAS-GFP-wingless at stage 12; secreted
GFP-Wingless represses serrate over 2–3 cell
diameters, and the number of engrailed- (and
wingless)-expressing cells is increased due
to ectopic activation of the Wingless pathway
by GFP-Wingless expression.
(E) A schematic representation of wingless
expression in a wild-type embryo. The dotted
line represents the movement of wingless-
expressing cells and their progeny, and the
solid lines represent the spread of Wingless
independent of cell movement.
(F) A schematic representation of wingless
expression in a winglessCX4 embryo carrying engrailed-GAL4 and UAS-GFP-wingless. The parasegment border prevents movement of wingless-
expressing cells toward the anterior.
The scale bars represent 50 m in (A) and (B) and 11 m in (C) and (D).
bryos carrying UAS-GFP-wingless driven by engrailed- Wingless retention in expressing cells are heparan sul-
fate proteoglycans (HSPGs) [5]. We therefore looked atGAL4 were hand devitellinized, stained with anti-Wing-
less, and then fixed (Figure 2C, see the Experimental the distribution of Wingless in embryos lacking sug-
arless, a gene encoding an enzyme required for theProcedures). After staining for extracellular Wingless,
embryos were permeabilized and stained with anti- biosynthesis of heparan sulfate [6–8]. In embryos lacking
maternal and zygotic sugarless, endogenous transcrip-Engrailed to identify the domain of expression. As can be
seen in Figure 2C, all detectable extracellular Wingless is tion of wingless decays (an indirect consequence of
decreased Wingless signaling) [6]. We therefore assayedconfined to expressing cells even though some Wing-
less must be present in anterior nonexpressing cells the distribution of exogenous, HA-tagged, Wingless pro-
tein expressed from a UAS transgene controlled bybecause they respond to Wingless (they repress serrate
and make naked cuticle). Thus, in the embryonic epider- paired-GAL4, a driver that is unaffected by the lack of
Wingless signaling. As a control, HA-Wingless wasmis, much extracellular Wingless remains associated
with the surface of cells that secrete it. driven by paired-GAL4 in otherwise wild-type embryos.
In the control embryos, exogenous Wingless is easilyUsing the same staining procedure, we find that, in
wild-type embryos, extracellular endogenous Wingless detected in odd-numbered segments, within the paired
domain (Figure 2D). By contrast, in the absence of sug-is detectable in 3- to 4-cell-wide stripes corresponding
roughly to the range of Wingless action (Figure 2C). In arless, very little exogenous Wingless is detectable de-
spite continuous transcription from the paired-GAL4particular, Wingless is seen at the surface of cells that
transcribe wingless (adjacent to the engrailed domain) driver (Figure 2D). Both secretory and surface-associ-
ated Wingless are expected to contribute to signal uponand of cells located 2–3 cell diameters at the anterior.
Since, as shown in the previous experiment, extracellu- traditional staining. Indeed, Figure 2E shows that, in
control embryos, surface HA-Wingless alone is easilylar Wingless is only detectable at the surface of cells
that secrete it (Figure 2C), surface staining at the anterior detectable, suggesting that if it were not affected by
the sugarless mutation, it should contribute to signal inof the domain of transcription likely reveals Wingless
retained by the progeny of expressing cells [1]. This Figure 2D. We conclude, therefore, that both surface
and intracellular Wingless protein disappear in sugarlessmeans that most of the cells that respond to Wingless
also secrete it and, therefore, the distinction between mutants, even if transcription is maintained at a high
rate. This is in contrast with the effect of removing sul-sending and receiving cells is blurred.
One obvious class of molecules that could affect fateless in imaginal disks cells (where only extracellular
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Wingless is lost [9]) but is consistent with the effect of
heparinase treatment, also in imaginal disks [10]. sul-
fateless is required downstream of sugarless for further
addition of sugar chains [11]. It is conceivable, therefore,
that depending on the level of sugar modification, pro-
teoglycans differentially affect Wingless protein in a dif-
ferent subcellular compartment.
Loss of detectable Wingless protein in sugarless mu-
tants could follow from decreased stability or lack of
retention by expressing cells. The latter alternative im-
plies a concomitant increase in soluble extracellular
Wingless, which is not apparent in Figure 2D. However,
sparse uniformly distributed protein might be hard to
detect. Indeed, a functional assessment of Wingless
signaling suggests that exogenous Wingless is present
in the perivitelline space of sugarless embryos. In em-
bryos lacking maternal and zygotic sugarless activity,
engrailed expression decays for lack of Wingless signal-
ing [6]. This is rescued by paired-GAL4-driven exoge-
nous Wingless (Figure 2D), indicating that Wingless
must be present in the extracellular space at a sufficient
level to activate the pathway. Importantly, engrailed ex-
pression is rescued in all segments, even in even-num-
bered segments in which paired-GAL4 is not expressed.
In otherwise wild-type embryos, paired-GAL4-driven
Wingless does not reproducibly affect engrailed expres-
sion in even-numbered segments (their width is normal,
Figure 2D). Therefore, removing sugarless activity in-
creases the range of Wingless (possibly allowing it to
spread uniformly). This is consistent with a previous
observation that engrailed stripes widen temporarily in
sugarless mutants [8]. Why then would engrailed expres-
sion decay in sugarless mutants? It is likely that, without
retention, Wingless becomes diluted below levels suffi-
cient to sustain engrailed expression. As a result, ex-
pression of hedgehog (a target of engrailed that is es-
sential for sustained wingless expression) would decay,
and the complete extinction of wingless expression
would ensue, hence the terminal phenotype.
Figure 2. Wingless Is Retained by Expressing Embryonic Cells
We conclude that HSPGs are needed for the retention
(A) The ventral epidermis of a live winglessCX4 embryo carrying en- of Wingless both at the surface and within the secretory
grailed-GAL4 UAS-GFP-wingless at stage 11. Extracellular GFP-
pathway of expressing cells (an additional effect on sta-Wingless fluorescence cannot be detected outside the expression
bility, although unlikely, cannot be excluded). Retentiondomain.
(A) A live stage-11 wingless-GAL4 UAS-GFPsecr embryo. GFPsecr en- could provide a regulatory step in the control of range.
codes the signal peptide of Wingless fused to GFP [1]. GFPsecr is For example, a specific membrane protein (analogous
secreted from the expressing cells and diffuses readily across the to Dispached [12]) could be involved in releasing GPI-
epidermis. Note the difference in the fluorescence pattern between anchored complexes comprising Wingless and Dally or
this panel and (A).
Dally-like from the secretory pathway and cell surface,(B and B) Distribution of GFP-Wingless in fixed wing imaginal discs
as and when required. In any case, our results highlight(as detected by GFP fluorescence). (B) GFP-Wingless expressed
from the apterous-GAL4 driver spreads across the D/V boundary the role of HSPGs in cells that secrete a signal. A require-
into the ventral compartment. (B) Likewise, GFP-Wingless ex- ment in receiving cells is unlikely since engrailed expres-
pressed in the anterior compartment (with dpp-GAL4) spread into sion is maintained by exogenous Wingless in the ab-
the posterior compartment. Staining of the same preparations with sence of sugarless activity.
anti-Wingless revealed a similar distribution (data not shown), sug-
gesting that GFP-Wingless affords a sensitivity of detection that is
similar to anti-Wingless.
(C and C) Surface Wingless (green) and intracellular Engrailed (red) embryo around stage 11. Expression of Engrailed is in green. Rela-
in a winglessCX4 embryo carrying (C) engrailed-GAL4 and UAS-GFP- tively little HA-Wingless can be detected in the sugarless mutant.
wingless or a (C) wild-type embryo at stage 11. (C) In the rescue (E) Surface-associated HA-Wingless driven by paired-GAL4 in an
situation, no cell movement toward the anterior occurs, and GFP- otherwise wild-type embryo. Striped expression (in the paired pat-
Wingless is mainly found at the membrane of expressing cells. (C) tern) is clearly recognizable. The dotted line highlights the ventral
In the wild-type situation, extracellular Wingless is found over a midline. The green double-headed arrows in (D) and (E) mark the
broad band of cells that could all have inherited Wingless [1]. approximate domain of paired expression.
(D and D) Distribution of paired-GAL4-driven HA-Wingless [18] (red; The scale bars represent 10 m in (A), (B), and (C) and 35 m in (D)
surface and intracellular) either in a (D) wild-type or a (D) sugarless and (E).
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Figure 3. Wingless Endocytosis
(A–A) Colocalization (arrowheads) of (A) GFP-Wingless and (A) endocytosed Rho-Dx in intracellular vesicles. The panels show the ventral
epidermis of a live winglessCX4 embryo carrying engrailed-GAL4 UAS-GFP-wingless at stage 11. No extracellular GFP-Wingless fluorescence
can be seen outside the expression domain; however, GFP-Wingless must be present, because fluorescent endocytic vesicles (arrowheads)
can be detected. Our method of detecting and counting vesicles is described in the Supplementary Material.
(B–B) Colocalization (arrowheads) of (B) GFP-Wingless and (B) endocytosed Rho-Dx in intracellular vesicles. The panels show the ventral
epidermis of a live wingless-GAL4 UAS-GFP-wingless embryo at stage 11. As panel (B) shows, generic endocytic vesicles form uniformly
across the epidermis.
The scale bar represents 10 m.
Internalization the engrailed domain, arrowheads in Figures 3A–3A).
We conclude that, although much intracellular WinglessEven though no extracellular Wingless can be detected
at the surface of identifiable nonexpressing cells, a few is endocytic in wild-type embryos, most endocytosis of
Wingless occurs in secreting cells, which have plentyWingless-containing vesicles can be seen in such cells
(Figure 3A), confirming that they were reached by Wing- of Wingless available at their surface.
less. We tested the expectation that these vesicles are
endocytic by injecting 10 kDa tetramethylrhodamine de- Recycling
We now address what happens to Wingless after it hasxtran (Rho-Dx, Molecular Probes) in the perivitelline
space of engrailed-GAL4 UAS-GFP-wingless embryos. been endocytosed. Is Wingless trafficking specifically
regulated after endocytosis? To approach this question,Rho-Dx is readily taken up by epidermal cells and thus
marks the endocytic pathway (Figure 3A). As shown in we investigated the behavior of GFP-Wingless vesicles
in live embryos (see the Supplementary Material avail-Figure 3A, GFP-Wingless vesicles seen in nonexpress-
ing cells also contain Rho-Dx, thus confirming their en- able with this article online). We tracked the movement
of fluorescent vesicles in two dimensions in stage-11docytic nature.
Clearly, cells at the anterior of the parasegment and -12 embryos expressing GFP-Wingless with wing-
less-GAL4. This is the stage at which Wingless activityboundary are capable of internalizing Wingless. These
are the cells that, in the wild-type, manufacture and specifies epidermal cell fate [13]. It is also the stage at
which epidermal cells undergo an extensive re-secrete Wingless. Therefore, we expect that, at the ante-
rior of the parasegment border of wild-type embryos, arrangement (germband retraction) that complicates the
tracking of intracellular vesicles. We therefore first de-secretory and endocytic Wingless-containing vesicles
coexist. To assess the relative importance of these two veloped a computational tool to adjust for this offset
movement (see the Supplementary Material). After re-populations, we expressed GFP-Wingless under the
control of wingless-GAL4. As with engrailed-GAL4, most moving the offset movement, the mean square displace-
ment (MSD) was calculated for increasing time intervals,of the fluorescence is confined to expressing cells (or
their progeny), confirming that the Wingless signal re- t. An MSD versus t plot was used as a quantitative
characteristic of vesicle motion and also to classify vari-mains tightly associated with expressing cells (Figure
3B). To recognize endocytic vesicles, the perivitelline ous types of movement. Three classes of movement
were recognized: random walks, directed diffusion, andspace of wingless-GAL4 UAS-GFP-wingless embryos
was injected with Rho-Dx around stage 9, and embryos diffusion in a cage. The MSD was calculated for en-
doGFP-Wingless vesicles (containing both GFP-Wing-were subsequently imaged live, around stages 11 and
12. Figure 3B shows that many GFP-Wingless-positive less and Rho-Dx), generic endocytic vesicles (only Rho-
Dx positive), and secretory vesicles (fluorescent vesiclesvesicles (about 50%) are endocytic. Therefore, wingless-
expressing cells internalize Wingless at a high rate, per- in UAS-GFPsecr wingless-GAL4 embryos [1]). Details of
their motion characteristics are given in the Supplemen-haps reflecting the availability of Wingless at the cell
surface. By contrast, very few endocytic vesicles are tary Material. Importantly, we found differences between
the behaviors of endoGFP-Wingless and generic endo-present when the same cells receive Wingless from a
neighbor (as assayed by expressing GFP-Wingless in cytic vesicles. This is an indication that endoGFP-Wing-
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cally asked whether endoGFP-Wingless (i.e., the ligand)
is ever recycled. This was done in live wingless em-
bryos expressing GFP-Wingless with engrailed-GAL4.
As argued above, vesicles found at the anterior of the
expression domain are necessarily endocytic, and no
Rho-Dx injection is required. Fluorescence time-lapse
microscopy shows that such vesicles can return to the
cell surface (Figure 4), providing the first direct observa-
tion of ligand recycling in a living embryo (also see the
Supplementary Material). Note that we only looked at
the apical surface, which is optically accessible, and
therefore cannot tell whether transepithelial transcytosis
takes place. Ligand recycling is a key feature of the
planar transcytosis model of transport; according to this
model, the ligand spreads by repeated cycles of internal-
ization, recycling, and presentation to further cells [14,
15]. Our observation of Wingless recycling shows that
planar transcytosis is plausible. However, one should
note that, in the above experimental situation, very few
endoGFP-Wingless vesicles are present in nonexpress-
ing cells (Figure 3A). Therefore, either a small number
of vesicles are sufficient for transport or transcytosis is
not an important contributor to transport. Since in-
creased ligand recycling has been documented to en-
hance the potency of a signal in tissue culture cells (e.g.,
[16]), an alternative is that cells at the anterior of the
parasegment boundary (which require sustained Wing-
less signaling) recycle Wingless to ensure maximal sig-
naling. Indeed, if the contribution of cell movement is
removed and, as a result, Wingless levels are drastically
reduced in this region (as in Figures 1D and 3A), signaling




First, we generated a GFP PCR fragment using the following oligonu-Figure 4. Recycling of Endocytosed GFP-Wingless
cleotides: forward, 5-GATCGCTAGCGGCCTGTGGGGCAGTAAAG(A–D) 4D imaging of a live stage-11 winglessCX4 embryo carrying
GAGAAGAA-3; reverse, 5-GATCACTAGTGCCCCACAGGCTTTTGengrailed-GAL4 UAS-GFP-wingless. We imaged a 6-m deep vol-
TATAGTTCATCCATGCC-3. The PCR product was cut with NheIume into the epidermis at a step size of 0.5 m at 1.4 frames/s. The
and SpeI and was subcloned in the NheI site of the pTrcHisB vectortop image shows the section where the tracked vesicle (blue arrow
(Invitrogen) to create pTrcHisB-GFP. Positive clones were selectedin [A]) is in focus. The lower image shows a computer-reconstructed
under a fluorescence microscope to ensure GFP fluorescence.sagittal section showing the apical/basal position of the tracked
These were digested with BglI (also included in the PCR primers;vesicle. The vesicle disappears between panel (C) and (D), which
in bold), and the resulting fragment was cloned in the unique PflmIshow consecutive volumes, most likely due to secretion of its con-
site of Wingless to generate KS-GFP-wingless. The junction be-tents. Time-lapse visualization (see the Supplementary Material)
tween Wingless and GFP is as follows: Trp(38)Gly[Ser(2)....Lys(238)]-suggests docking at the membrane for a few seconds prior to re-
Ser Leu Trp Trp (39). The amino acid sequence from GFP is brack-lease. It is very unlikely that the vesicle left the volume at the basal
eted, and the extra amino acids created by the fusion are underlined.side. This would have required the vesicle to move with a velocity
The amino acid positions of the respective proteins are indicatedexceeding any speed we have seen in our experiments.
in parentheses.(E) The 3D trajectory of the tracked vesicle. The axes are measured
To ensure that the GFP-Wingless fusion is fluorescent, it wasin micrometers, with the starting position of the vesicle set to z 
expressed in bacteria. Different inserts coding for the fusion mole-0 m. The vesicle leaves the volume at z  2 m. Note that the
cule were cut with EcoRV (position aa 2 in Wingless and BglII posi-vertical scale is less than that in the x-y plane.
tion aa 163) and were ligated with pTrcHisB cut with NcoI, followedThe scale bar represents 10 m.
by filling in and then cutting with BglII. Again, positive clones were
selected under the fluorescence microscope. To generate pUAS-
GFP-wingless, the GFP-Wingless fragment was obtained by cutting
less vesicles are handled differently from generic endo- KS-GFP-wingless with NotI and Asp718 and was subsequently
cytic vesicles, suggesting that endocytic trafficking of cloned in pUAST. Note that this construct lacks the 3 UTR of wing-
less, which is required for localization of the RNA and full activityWingless is under distinct control.
(there is, however, sufficient activity to rescue a wingless mutant;Endocytosed material can either be sent to lysosomes
see text).for degradation or be recycled to the plasma membrane.
Often, ligand-receptor complexes dissociate in the en- Embryo and Disc Staining
docytic pathway, with the ligand being forwarded to For detection of extracellular Wingless, embryos were devitellinized
by hand in ice-cold PBS and were subsequently incubated withlysosomes and the receptor being recycled. We specifi-
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primary antibody (4D4, a gift from Steve Cohen, EMBL) on ice for (2001). Apical localization of wingless transcripts is required for
wingless signaling. Cell 105, 197–207.1 hr. The embryos were then rinsed three times with ice-cold PBS
and were fixed in 4% PBS/formaldehyde for 25 min on ice. All subse- 4. Strigini, M., and Cohen, S.M. (2000). Wingless gradient forma-
tion in the Drosophila wing. Curr. Biol. 10, 293–300.quent steps were performed according to standard immunofluores-
cence protocols. The anti-Engrailed antibody was a gift from C.H. 5. Reichsman, F., Smith, L., and Cumberledge, S. (1996). Glyco-
saminoglycans can modulate extracellular localization of theGirdham and P. O’Farrell, UCSF. Anti-HA was obtained from Roche.
In situ hybridization was performed as described [2]. GFP was im- wingless protein and promote signal transduction. J. Cell Biol.
135, 819–827.aged in embryos and discs without the use of an antibody (all the
antibodies we tested generate a weak, speckled background). Imag- 6. Hacker, U., Lin, X., and Perrimon, N. (1997). The Drosophila
sugarless gene modulates Wingless signaling and encodes aninal discs were isolated and fixed by standard protocols. To express
GFP-Wingless in sugarless null embryos, germ line clones were enzyme involved in polysaccharide biosynthesis. Development
124, 3565–3573.induced in paired-GAL4/hs-flp; FRT2A sugarless[P1731]/FRT2A
Ovo[D1] females (stocks kindly provided by Armen Manoukian, Uni- 7. Binari, R.C., Staveley, B.E., Johnson, W.A., Godavarti, R., Sasi-
sekharan, R., and Manoukian, A.S. (1997). Genetic evidenceversity of Toronto), and these were crossed to UAS-HA-Wingless/;
FRT2A sugarless[P1731]/ males. that heparin-like glycosaminoglycans are involved in wingless
signaling. Development 124, 2623–2632.
8. Haerry, T.E., Heslip, T.R., Marsh, J.L., and O’Connor, M.B.Fluorescence Microscopy
(1997). Defects in glucuronate biosynthesis disrupt WinglessConfocal microscopy was performed on a Leica TCS-4D confocal
signaling in Drosophila. Development 124, 3055–3064.microscope equipped with an argon/krypton laser providing excita-
9. Baeg, G.H., Lin, X., Khare, N., Baumgartner, S., and Perrimon,tion wavelengths at 488 nm and 568 nm. Images were collected
N. (2001). Heparan sulfate proteoglycans are critical for theusing a 63 oil-immersion Plan APO objective (NA 1.32) with 2
organization of the extracellular distribution of Wingless. Devel-electronic zoom. For live recordings, embryos were cultured in a
opment 128, 87–94.custom-made chamber as described [17]. Embryos were imaged
10. Greco, V., Hannus, M., and Eaton, S. (2001). Argosomes. A po-on a DeltaVision (Applied Precision) wide-field microscope based
tential vehicle for the spread of morphogens through epithelia.on an Olympus IX70 inverted microscope. An Olympus 63, 1.35 NA
Cell 106, 633–645.U Plan APO oil objective was used for high-magnification imaging.
11. Baeg, G.H., and Perrimon, N. (2000). Functional binding of se-DeltaVision software was used to control the stage and to select
creted molecules to heparan sulfate proteoglycans in Drosoph-the appropriate excitation (FITC 490/20 nm, Rhodamine 555/28 nm)
ila. Curr. Opin. Cell Biol. 12, 575–580.and emission filters (FITC 528/38, Rhodamine 617/73 nm). Emitted
12. Burke, R., Nellen, D., Bellotto, M., Hafen, E., Senti, K.A., Dickson,light was recorded on a Micromax (Roper Scientific) liquid-cooled
B.J., and Basler, K. (1999). Dispatched, a novel sterol-sensingCCD camera typically with 2  2-pixel binning. Typical time-lapse
domain protein dedicated to the release of cholesterol-modifiedmovies consisted of 150–300 frames of 512  512-pixel images
hedgehog from signaling cells. Cell 99, 803–815.acquired at 0.2 frames/s with a spatial resolution of 0.1352 m/
13. Bejsovec, A., and Martinez Arias, A. (1991). Roles of winglesspixel.
in patterning the larval epidermis of Drosophila. Development
113, 471–485.Supplementary Material
14. Moline, M.M., Southern, C., and Bejsovec, A. (1999). Directional-Supplementary Material including a discussion of the computational
ity of wingless protein transport influences epidermal patterningaspects of image analysis is available at http://images.cellpress.
in the Drosophila embryo. Development 126, 4375–4384.com/supmat/supmatin.htm. In particular, we describe how the over-
15. Entchev, E.V., Schwabedissen, A., and Gonzalez-Gaitan, M.lap between two fluorescent signals was assessed as well as our
(2000). Gradient formation of the TGF-beta homolog Dpp. Cellcomputational tool to remove the contribution of cell movement
103, 981–991.(associated with germband retraction) from vesicle movement. Fi-
16. Fallon, E.M., Liparoto, S.F., Lee, K.J., Ciardelli, T.L., and Lauf-nally, we describe the various types of movement displayed by GFP-
fenburger, D.A. (2000). Increased endosomal sorting of ligandWingless-containing vesicles. These include random walks, directed
to recycling enhances potency of an interleukin-2 analog. J.diffusion, and diffusion in a cage.
Biol. Chem. 275, 6790–6797.
17. Girdham, C.H., and O’Farrell, P.H. (1994). The use of photoacti-Acknowledgments
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